A b s t r a c t
A central duty of the laboratory is to inform clinicians about the availability and usefulness of laboratory testing. In this report, we describe a new
Laboratories have long recognized the importance of providing their customers with updated, reliable information about their diagnostic testing services. 1, 2 Historically, this has been accomplished by using printed materials that laboratories have found challenging to keep up-to-date owing to the everchanging nature of laboratory policies, the test menu, specimen requirements, and reference ranges. An online laboratory manual has been shown to be a useful means for maintaining and distributing the latest laboratory information. [3] [4] [5] [6] The problem with the typical model of an online laboratory handbook is that it is separate from the laboratory information system (LIS) and, thus, requires significant maintenance and updating to remain current, especially considering how frequently laboratory test information changes.
In addition to the laboratory handbook, numerous other clinical applications use laboratory test data. For example, inpatient and outpatient order entry systems are important consumers of laboratory test information. There is an inherent update problem with the storage of laboratory test data in multiple places (eg, the LIS, laboratory handbook, and order entry systems) because there can be only one source of truth for laboratory testing and there is considerable cost in maintaining at least 3 separate repositories of laboratory test information. At a fundamental level, the single source of truth for the laboratory is the LIS. The LIS drives the test ordering and results reporting processes, and up-to-date order codes are required for the LIS to function properly and efficiently report results. With the continued progress toward electronic interfacing of provider order entry (POE) systems and LISs, there is a growing need for order entry applications to be in Upon completion of this activity you will be able to:
• describe the central issues of computerized laboratory order entry.
• outline the various roles of the laboratory information system and clinical order entry systems in the test ordering process.
• define the role of the laboratory in the management of a laboratory order entry system.
synchrony with the LIS. Such synchronization can be challenging because the group or groups responsible for POE systems are often outside the domain of pathology and have numerous other priorities and limited resources. In this report, we describe a novel application that interacts with the LIS to enhance the ability of the LIS to support enterprise information flow. We demonstrate how this novel middleware application can be used to efficiently support an inpatient order entry system. We show that the use of the middleware, combined with order monitoring, permits rapid cycle improvement in an order entry system. In addition, we describe the usefulness of the middleware application to drive other key informatics tasks in the organization, such as producing the online laboratory handbook and providing a central point for cataloging laboratory knowledge.
Materials and Methods

Setting
The Massachusetts General Hospital (MGH; Boston) is an 898-bed tertiary care academic medical center. The MGH Clinical Laboratories in the Department of Pathology support all of the inpatient medical, surgical, pediatric, and obstetric services of the hospital, as well as extensive primary care and specialty outpatient practices extending into the greater Boston community. The clinical laboratories include the core laboratory (chemistry-hematology), microbiology, blood transfusion services, and various specialty laboratories (immunology, diabetes, and health center laboratories).
Online Manual
The MGH online laboratory handbook is available on the Internet at http://mghlabtest.partners.org. The MGH online manual has been previously described. 6 
POE System
The MGH inpatient POE application is a "home-grown" application used by inpatient and emergency department providers to place all patient orders, including laboratory tests. The primary users of the application are residents in training, attending physicians, medical students, and nurse practitioners.
Middleware
The middleware (named "MGH PathConnect") was developed by using Microsoft. 
POE Test Search Function
The test search algorithm used by the MGH inpatient POE system breaks user input into strings based on the space character and retrieves tests by matching the user input to the key words defined for each test. All of the user-entered strings must be present in the test key words for the test to be retrieved. In general, the algorithm retrieves matches from the first 3 letters of each string. For example, the user input of "cre" will return tests that are authored with key words that start with the letters "cre" (eg, "creatine kinase" and "creatinine"). If any of the input strings are fewer than 3 characters in length, the algorithm will retrieve only tests for which the authored key words are an exact match. For example, "A" is a keyword for vitamin A, and, thus, a search for "vit a" would return the vitamin A test. If more than 35 tests are matched, only the first 35 are shown and a message is displayed with search tips. If the search retrieves no tests, a message is displayed with search tips.
Storage of Order Entry Information
We store detailed information each time a computerized POE (CPOE) user orders a laboratory test or performs a search. All pertinent details of the order (eg, provider information, test codes, date, and time) are captured and are available for review. In addition, the stored data elements for each laboratory test search include the date and time of activity, search text (what the user typed in), the number of search results retrieved, and a unique session identifier.
Data Analysis
Transaction log and data analyses were performed using Microsoft Access and Excel (Microsoft).
Results
In the process of updating the MGH inpatient POE laboratory module, we realized that it would be important to satisfy several criteria. First, we wanted the system to be in harmony with the LIS at all times because patient-based generation of bar-coded laboratory labels requires that the POE system have a current set of laboratory order codes. We also wanted the laboratory test information to remain under the direct control of the laboratory because the laboratory staff is charged with maintaining the test menu, monitoring utilization, and providing information about test usefulness. Another essential criterion was that test details in the order entry system must be readily modifiable, such that changes to the test search functions and test menus can be made quickly and with minimal technical expertise. Finally, we also wanted the system to have a clear audit trail of changes made to test information. To satisfy all of these criteria, it became apparent that we would need to create a new class of middleware that would serve as the bridge from the traditional LIS to other applications (eg, order entry, laboratory handbook, and decision support) that require an accurate, modifiable source of laboratory test information.
A New Class of Laboratory Middleware
The MGH PathConnect middleware ❚Figure 1❚ receives input from the LIS (Sunquest). The middleware is then capable of augmenting the LIS data elements with other data elements important to applications such as order entry systems (eg, ordering message, test cost, and search terms) and the laboratory handbook (eg, draw and transport instructions, requisition information, and history forms). On logging into the middleware, an authorized user can launch a synchronization routine that compares the orderable tests in the LIS with the tests as authored in the middleware. This functionality ensures that the middleware always contains the same information as the LIS. During the synchronization process, the user is alerted to any recent changes in the LIS (eg, test code additions, test code inactivations, and edits) that may affect the order entry system.
With the use of an open database connectivity-linked Visual Basic application (Microsoft), MGH PathConnect can provide data that automatically updates our online laboratory handbook. In addition, the middleware has an associated Web service to enable information exchange with other applications and systems. By using this Web service, the middleware is capable of updating the MGH inpatient POE system with testing information. The usefulness of the MGH PathConnect middleware in supporting the MGH inpatient POE system will be described in detail.
POE System
The main laboratory-ordering screen ❚Figure 2A❚ of the MGH inpatient POE system has a listing of 20 to 30 common inpatient tests on the left and a text box for user input with a "Search" button that permits searching for laboratory tests not displayed in the common tests list. The details of the test search algorithm are given in the "Materials and Methods" section. In brief, the algorithm breaks apart the user-entered text into strings based on the space character and retrieves tests containing each of these strings in at least 1 of the key words for that test. For example, the user-entered text "vit d" queries the database to retrieve tests that contain at least 1 key word starting with "vit" and at least 1 keyword starting with "d." This query thus returns 25-OH vitamin D and 1,25-OH vitamin D ❚Figure 2B❚.
Middleware Updates Result in Rapid Improvements in Ordering Efficiency
Following "go live" of the laboratory order entry application in June 2008, we examined daily search logs to understand user interactions with the application. The search logs contain a record of every search performed in the system and store items such as user information, text typed by the user, the number of search results retrieved, and the tests eventually ordered by the user. There were 24,690 searches performed during the first month of use. Of these searches, 18.0% (4,432) generated zero results and were deemed nonproductive. During this initial period, the most common reason for a nonproductive search was a misspelled word (~39%), followed by a test not present in the middleware test dictionary (~23%) and correctly spelled key words that were not associated with a test (~16%). We used the middleware to prevent the recurrence of these nonproductive searches by adding new tests to the middleware and updating the key words for each test with additional synonyms and misspellings as determined from review of the search log. Within 3 months, these updates decreased the percentage of searches with zero results from 18.0% to about 8% (P < .05; 2-tailed t test), demonstrating the value of middleware-based updates to rapidly drive improvement in search efficiency. The decrease in the percentage of zero result searches was not merely due to user learning, as shown by entering 1,000 of the searches performed in the final week of the 3-month evaluation period against a copy of the original database before middleware updates. When that analysis was performed, a similar percentage (~16% vs 18.0%; P > .10; 2-tailed t test) of zero result searches was obtained.
Middleware Updates Enable Rapid Responses to Ordering Patterns
A pathologist's ability to make rapid changes to the content and appearance of laboratory tests in electronic order entry systems is important to permit adaptation to changes in clinician ordering practices and to prevent errors. At many centers, pathologists do not have any direct control over the appearance of tests in the order-entry module.
With the middleware module supplying test information to the POE system, our laboratory is now able to rapidly respond to trends and changes in ordering patterns. For example, we noted a large number of inpatient orders for 1,25-OH vitamin D (34 inpatient orders per month). Because the 25-OH vitamin D test is typically ordered to assess for vitamin D deficiency, we questioned the medical necessity of the large number of inpatient 1,25-OH vitamin D orders. In response to this situation, we created an ordering message in the middleware (that was passed on to the order entry system via the Web service) for the 1,25-OH vitamin D test, explaining that 1,25-OH vitamin D was not the test of choice for the initial screening of vitamin D deficiency. Immediately on implementing the ordering message, we noted a drop in inpatient 1,25-OH vitamin D orders from 34 per month to fewer than 10 per month in the 3 months following the ordering message change (P < .05; 2-tailed t test).
The laboratory's ability to rapidly change test messages, key words, and details, with minimal involvement of the information services team, enables the laboratory to maintain control over test display and utilization. With the Web service architecture, the middleware updates took less than 15 minutes to author, implement, and test for the entire order entry system. By using the middleware module, a laboratorybased pathologist makes these changes without any involvement (other than to open and close the Web service portal) of the information services or POE teams. In hospitals with traditional unconnected information systems, the process of making changes to order entry applications typically involves weeks of approvals and testing. Processes used in our institution before implementation of the MGH PathConnect middleware resulted in ordering message updates occurring approximately once per year owing to the need for programming and testing resources for each update.
Order Monitoring Permits Rapid Reduction of Free Text in an Order Entry System
A central issue in the implementation of any electronic order entry system is how the system handles free text. Free text use, ie, the direct typing of laboratory test orders into the order entry system without selecting one of the encoded tests from the common tests or search function, may be necessary in the circumstances of a highly esoteric test or an unusual processing request. Virtually all complex order entry systems must tolerate some level of free-text data entry to be clinically efficient. The consequences of free text use, however, are considerable. Take the example of free-text ordering of "vitamin D." A clinician typing in "vitamin D" as the test order, instead of searching for it and selecting the desired test from the retrieved results, evades the available decision support regarding the selection of the type of vitamin D test (25-OH vitamin D or 1,25-OH vitamin D), leading to an ambiguous order susceptible to misinterpretation. The free-text order is also incapable of generating an electronic order entry transaction, which would have led to bar-coded, patient-specific specimen labels indicating specimen requirements. In addition, free-text orders require considerably more labor because they require the nursing staff to clarify with the physician (or make an educated guess) which vitamin D assay the physician wants to order, to look up the specimen requirements for the test, and to create manual tube labels. Free-text orders also add to the laboratory workload because the specimens will arrive in the laboratory with a paper requisition that will require manual entry into the laboratory computer system. Thus, owing to the high cost (labor and potential for error), the use of free text must be minimized as much as possible.
We created daily reports that allowed us to examine in detail any laboratory orders written as free text. The POE laboratory module was implemented in June 2008, and freetext monitoring was examined on a daily basis from June to August 2008. We reasoned that the 2 main reasons for the use of free-text orders were that the physician did not bother searching or was unsuccessful in searching for the test. At the outset (weeks 1-3 after go live), the percentage of free text was 4% to 10%. We examined these free-text orders and determined that more than 75% were for tests that could have been found and ordered via the search function. Moreover, a small group (<5% of the total providers entering orders) of individual providers was responsible for the majority of freetext orders. These providers tended to use free-text orders indiscriminately rather than using the search function. To each of these high-volume free-text users, we sent an e-mail message explaining the importance of reducing their free-text use and provided a link to a tutorial explaining how to use the search function. Within 2 months of providing user feedback (22 e-mail messages sent in total), the number of free-text orders decreased from 4% to 10% to about 2% ❚Figure 3❚. We have continued to monitor the free-text percentage on a periodic basis and to provide regular feedback to noncompliant providers.
Analysis of Free-Text Orders
To better understand the remaining approximately 2% orders being entered as free text, we analyzed 1 month of free-text orders in January 2009. We wanted to determine the reasons for free-text ordering and to seek solutions that would reduce the percentage of orders being entered as free text because even a small percentage of free-text orders is highly disruptive to nursing and laboratory workflow. During the month analyzed, 1,055 unique providers entered 62,730 new orders for emergency department patients and inpatients. Of these orders, 1.7% (1,054) were entered as free text. Of these 1,054 orders, about 78% were for tests that could have been found and ordered with use of the laboratory module search function ( Figure 2B) ; about 13% of the free-text orders were for esoteric tests (uncommonly ordered reference laboratory tests) that are not currently available in the search module. Most of the remaining free-text orders (4.3%) were for inappropriately ordered tests that are not included in the laboratory module, such as blood bank or stool guaiac testing. A small subset of users (~6%) accounted for nearly half (~49%) of all free-text orders.
Users who entered free-text orders used the search module before their free-text order about 21% of the time, and a third of these searches returned zero results. Thus, we wanted to analyze the use of the search module to understand why users entered orders by free text for tests that could have been found and ordered using the search module. Furthermore, we wanted to understand the reasons for nonproductive searches to determine how to improve the efficiency of the laboratory order entry process.
Analysis of Provider Searches
We examined all searches that were performed during a 31-day period (March 6, 2009, to April 5, 2009) to better understand user behavior and to provide insights on how to improve the efficiency of the order entry process. During this period, 849 unique providers performed 27,667 laboratory test searches for 3,964 unique patients. For each search, we examined the user-entered text. In the majority of searches (97.6%), users typed 1 or 2 words in the search box ❚Table 1❚. We analyzed search productivity by examining the number of results retrieved for a given search ❚Figure 4❚. Searches that returned 1 to 8 tests (~84% of searches overall) were judged "productive" in that all the results could be viewed on a single screen ( Figure   0 would improve search productivity. The use of the double metaphone approach resulted in 227 (35.4%) of 641 misspellings yielding productive searches (eg, a nonzero number of search results that included the intended laboratory test). For 197 (30.7%) of the misspellings, the algorithm did not improve the results and yielded only matches to unintended tests. For 217 (33.9%) of the misspellings, the algorithm was unable to locate any match to the misspelled word. The lack of high-efficiency matching is primarily due to the inability of this simple algorithmic approach to account for typographical errors such as character insertion, deletion, and substitution. However, the improvement in search results obtained with this approach demonstrates the value of even a simple spellchecking algorithm when implemented in a search process.
Discussion
The sole product of a medical laboratory is information. Rapid and accurate access to laboratory test information is necessary to support efficient workflow for health care providers and laboratory staff. Inaccurate information can lead to testing delays, improper test selection, and errors during specimen collection that can compromise care. Failed attempts to find the desired information impede clinician workflow and affect clinicians' perceptions of the laboratory. In this report, we describe the development of a novel middleware application that interacts with the LIS and permits the knowledge of the laboratory to be stored in such a way that it can be shared with numerous "consumers" of laboratory data, including internal customers such as the online laboratory handbook and external customers such as POE systems.
Recommendations for Laboratory Middleware
Laboratory middleware must maintain a permanent connection to the LIS because it is the LIS that drives the technical workflow of the laboratory and contains essential testing information such as the active test codes and specimen collection information. The middleware-LIS connection must also be dynamic and permit changes that occur in the LIS to be brought to the attention of the middleware user. The need for middleware in this setting is evident because the current iterations of LISs are inadequate to support upstream applications such as laboratory handbooks and order entry applications.
The LIS is primarily designed to support laboratory results-reporting workflow and interface with analyzers. Higher level functions such as provider decision support, online laboratory handbooks, and order entry are not a part of stand-alone LISs. In addition, other fields of interest to ordering providers (eg, reference ranges, preferred tube, and minimum volume) may be present in the LIS test definitions but are often challenging to retrieve. Other data elements highly
The most common reason (~39%) for a nonproductive search was a misspelled word. Although many common misspellings are included in the key words for each test, many others are not. Commonly misspelled words included ferritin, fibrinogen, and hepatitis. In about 21% of nonproductive searches, the search terms were spelled correctly, yet they did not match the key words associated with the particular test being sought. For example, a user searching for the tests ferritin and iron types "anemia," and because "anemia" was not authored as a key word for iron or ferritin, the user retrieves no results. Another common reason for a search yielding zero results was a search for a test that was highly esoteric and not included in the dictionary of tests (~17%).
Use of Term-Matching Algorithms Improves Search Efficiency
Examination of the basis of nonproductive searches ( Figure 5 ) reveals that many of the nonproductive searches could be prevented with updates to the test definitions in the middleware. For example, about 77% of nonproductive searches (eg, misspellings, missing key words, and test not included) could be eliminated with test or key word updates in the middleware. As described, updating the key words and tests via the middleware can result in rapid improvement in search efficiency. In addition, we have used this approach extensively in the past to improve the search capability of our laboratory handbook. 6 However, the marginal usefulness of key word updates diminishes as more key words are added to each test, and the range of ways that users may misspell test names virtually guarantees that test key words will be incomplete. We therefore wanted to examine an alternative approach to improving spelling errors by examining whether term-matching algorithms could improve test search results.
Soundex is a simple, phonetic algorithm for indexing terms by sound, as pronounced in English. 7 Soundex was originally created in the early 20th century for use in retrospective analysis of census data. The goal of the Soundex algorithm is for homophones (words that sound alike) to be encoded to the same representation such that they may be matched despite minor differences in spelling. For example, the words ferritin, "feritin," "ferratin," and "ferretin" all have the same Soundex code (F635). Several improvements to the Soundex algorithm have been published, and we have used the double metaphone algorithm 8 in this study.
To illustrate the effect of a simple algorithm on queries that result in zero search results, we used the double metaphone algorithm to convert all test key words to their corresponding double metaphone representation. We then converted a representative sample (n = 641) of user-entered misspellings (all that resulted in zero search results) to their corresponding double metaphone codes. We then analyzed whether the use of the double metaphone representation the case of informational searches, the user is unsure of the available tests for a given symptom or disease and is looking for a listing of available tests and/or advice on test selection. For example, a user typing "celiac disease" is typically looking for a listing of tests available for the diagnosis of celiac disease and may not be aware of the tissue transglutaminase IgA test. It is our opinion that both navigational and informational searches should be supported in laboratory order entry search modules.
Nonproductive searches (searches that result in zero items being retrieved) must be minimized as much as possible to improve the usability and efficiency of the order entry system. In the present report and in a prior report examining searches in a laboratory handbook, 6 the most frequent reason for a nonproductive search was misspelled test names. This is not surprising given the lengthy test menu and the high variability in provider training. In this report, we demonstrate that spell-checking algorithms show promise at eliminating many of these nonproductive searches. The further examination of spell-checking and term-matching algorithms should be pursued to create an optimal user search experience. In addition to finding laboratory tests that look or sound similar to the misspelled query, newer spell-checking routines can also easily account for typographical errors such as character insertions, deletions, and substitutions.
The Role of the Laboratory in Order Entry Monitoring
The appropriate selection of laboratory tests is necessary for optimal patient care. Inappropriate ordering practices may not only result in excessive tests being ordered, thus wasting resources, but also may lead to false-positive results that may trigger entire cascades of unnecessary workups and testing. Laboratories must have an active role in analyzing ordering patterns and working with providers to optimize test utilization. Interventions to improve utilization may include education, provider "report cards," manual requisition changes, development of practice standards, and reflex testing algorithms. More recently, the advent of CPOE has allowed health care systems to have a view into the detailed ordering practices of their providers and to supply their users with decision support and other tools to optimize laboratory testing. 10, 11 Although CPOE can certainly improve processes, poor implementation of CPOE can impair good utilization practices. For example, CPOE can permit low-yield, highly esoteric tests to be easily ordered and permit excessive repeated ordering of routine testing.
In our CPOE implementation, we designed the system to capture detailed ordering information and user search information (eg, text typed in and number of search results obtained). Most commercial CPOE systems do not provide their customers with a detailed audit trail of user queries. In this report, we show that ongoing improvement in order entry desirable to users of order entry systems are often simply not available in LISs. These data elements include items such as the turnaround time, guidance about test usefulness, methods, test key words, and interpretive information. In the middleware application, certain data elements are editable, such as the turnaround time, search terms, and ordering messages. Other fields (eg, test order codes and department) are "view only" in the middleware because these fields are transferred from the LIS and the LIS remains the "source of truth" for these fields. Having a repository such as that created in the middleware allows all of these data elements to be stored in such a manner that they can be easily shared and edited. Attention to the output characteristics of the middleware is essential. The use of Web services technology and XML permits rapid sharing of test information in a standardized way with many disparate upstream applications.
Search Technologies in Laboratory Applications
Simply making accurate laboratory testing menus available in provider applications such as the laboratory handbook and order entry systems can improve the flow of information in the clinical enterprise. However, given the increasing number and complexity of laboratory tests, a provider's task of finding the correct test for a given clinical scenario is challenging. Therefore, the test search functions of clinical applications such as laboratory handbooks and order entry systems need to be efficient and provide information to help guide test selection.
Despite the increasing prevalence of searches in our daily lives, search technology and user interfaces remain in their developmental stages. It has only been in the past decade that robust search engines have been available to search the Internet. It will be essential for customer-driven organizations to keep up with advances in search methods and interfaces because they will undoubtedly provide improved ways of distributing information to our customers.
From our experience in reviewing search logs, there are 2 main areas in which searching can be improved. Traditionally, searching for laboratory tests is based on the test name or synonyms. However, this approach does not always match the clinical workflow because there are many scenarios in which the search is not merely to find a test a provider already knows he or she wants to order. Thus, there should be recognized a dichotomy between navigational and informational searches. 9 In a navigational search, the user is simply looking for a particular test that he or she wants to order. For example, a user looking for the "tissue transglutaminase IgA" test should be provided with an interface that allows this search to proceed efficiently and is tolerant of minor misspellings in the user-entered text. This type of searching, navigational search, requires highly keyed test entries (including many test synonyms and common misspellings) to be efficient. In A by-product of the middleware approach described in this report is a long-lived repository of test information that can be readily and continuously updated. A repository of laboratory information is a useful concept for a pathology department because it catalogs laboratory staff knowledge and serves as a permanent bank of knowledge that remains even as individual staff members move on to other facilities. In addition, laboratory knowledge about a particular test tends to be scattered among numerous staff, including bench technologists, supervisors, and laboratory directors. Having a single location where key information about each test can be cataloged and easily shared may prove invaluable to an organization. search efficiency can be accomplished by monitoring user queries. Each user query provides data that can be used to improve search accuracy. We demonstrate an approach to improving key word-driven searches by regular monitoring of user search data followed by periodic updates to the test-associated key words via the MGH PathConnect middleware. Such an active update process typically requires access to the CPOE system for monitoring and updates. This requirement often imposes a barrier to progress because the process for making changes in many CPOE systems is laborious and requires technical resources beyond the purview of the laboratory. The laboratory-based middleware solution described herein permits the updating process to occur almost entirely by the laboratory, with only minimal involvement of technical staff.
Free-Text Order Monitoring
We also demonstrate that another useful data monitor for the laboratory is the detailed analysis of free-text orders.
Free-text orders must be minimized as much as possible because they introduce many possibilities for error owing to misinterpretation of the free-text request, inability to electronically interface free-text orders with the LIS, lack of specimen instructions, and the numerous manual processes required to handle a free-text order. Simply banning free-text orders is not a practical solution because there will be cases in which highly esoteric tests provide valuable information and should be ordered or in which unusual tests are being done on a research basis. However, as we observed in our system, heavy users of free-text orders may also be providers who are poorly trained in the CPOE process or find the order entry system challenging to use. Through the use of daily reports of free-text orders, we have found that a small minority of physicians accounted for much of the free-text use in our system. Equipped with this information, we were able to use provider-targeted reminders and training to rapidly reduce the percentage of free text. In addition to identifying gaps in compliance and training, freetext monitoring can also identify tests and test synonyms that are missing from the order entry test database. For example, observations that many users were free texting "Rapamune" (trade name of sirolimus) led us to add this synonym to the key words for the sirolimus test in the MGH PathConnect middleware. In addition, free-text monitoring permits tests that were not initially part of the CPOE laboratory module such as parvovirus B19 polymerase chain reaction to be added to the middleware based on their increased use. Thus, freetext monitoring can be used not only to enable direct provider feedback but also, through the use of middleware key word and test updates, to increase the efficiency of the search and ordering process.
